GaN-based High Efficiency Bidirectional DC-DC Converter with 10 MHz Switching Frequency by Kruse, Kristian et al.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 18, 2017
GaN-based High Efficiency Bidirectional DC-DC Converter with 10 MHz Switching
Frequency
Kruse, Kristian; Zhang, Zhe; Elbo, Mads
Published in:
Proceedings of  2017 IEEE Applied Power Electronics Conference and Exposition
Publication date:
2017
Document Version
Peer reviewed version
Link back to DTU Orbit
Citation (APA):
Kruse, K., Zhang, Z., & Elbo, M. (2017). GaN-based High Efficiency Bidirectional DC-DC Converter with 10 MHz
Switching Frequency. In Proceedings of  2017 IEEE Applied Power Electronics Conference and Exposition
IEEE.
GaN-based High Efficiency Bidirectional DC-DC 
Converter with 10 MHz Switching Frequency 
Kristian Kruse, Mads Elbo and Zhe Zhang 
Dept. Electrical Engineering 
Technical University of Denmark 
Kgs. Lyngby, Denmark 
zz@elektro.dtu.dk  
 
 
Abstract—Wide bandgap (WBG) semiconductor devices allow 
power electronic converters to achieve higher efficiency,  higher 
power density and potentially higher reliability. However, the 
design challenges accompanied by applying the new WBG 
devices have risen accordingly. In this paper, a non-isolated 
bidirectional DC-DC converter equipped with Gallium Nitride 
(GaN) semiconductor transistors is presented. The converter’s 
operation principles, zero-voltage switching (ZVS) constraints 
and dead-time effects are studied. Moreover, the optimization 
and tradeoffs on the adopted high-frequency inductor are  
investigated. Based on the theoretical analysis and calculation, a 
laboratory prototype with a switching frequency up to 10 MHz 
and the maximum output power of 100 W is constructed and 
tested. Switching at 10 MHz, a power density of approximately 
6.25W/cm3 and an efficiency of 94.4% in the Buck mode are 
achieved. Moreover, the measured losses can match the 
theoretically calculated counterparts well, therefore the design 
and analysis are verified. However, from the experimental test 
carried out, it can also be seen, that making a compact converter, 
even for a GaN-based one, operate at 10 MHz and 100 W is still 
very challenging due to complex ZVS control, lacks of feasible 
magnetic materials, and limited thermal dissipation area.  
Keywords—Bidirecioinal; converter; DC-DC; dead-time; 
Gallium Nitride; high switching frequency; soft-switching 
I.  INTRODUCTION 
Bidirectional DC-DC converters, which can effectively 
interface energy storage devices such as batteries, 
supercapacitors and reversible fuel cells to power conversion 
systems within applications of electrical vehicles (EVs), 
renewable energy generation (REG), uninterruptible power 
supplies (USPs) etc., have gained increasing attention in 
academia and industry over the last decade [1]-[3]. Moreover, 
with the emergence of applying wide bandgap devices such as 
Silicon Carbide (SiC) and Gallium Nitride (GaN) based power 
switches, power electronic converters tend to be even faster, 
smaller and more efficient, due to the increased electrical field 
strength and electron mobility compared to than their silicon 
(Si) based counterparts [4]-[9]. A high switching frequency, to 
some extent, can certainly offer opportunities for converter 
volume reduction and thereby obtain higher power density and 
more compact design. However, it is also accompanied by new 
challenges, for instance, increased switching losses even with 
wide bandgap devices, worse electromagnetic interference 
(EMI) and more stress on magnetic components [10], [11]. 
Therefore, soft-switching technologies, including zero-voltage 
switching (ZVS) and zero-current switching (ZCS), are still 
widely used in the field of applications of wide band-gap 
semiconductors. High-frequency soft-switching GaN-based 
implementations under boundary conduction mode (BCM) 
have been reported in the literature, in which the reduction of 
switching loss can well compensate for the increased 
conduction loss [12]. For instance, a 5-MHz ZVS Boost 
converter with the efficiency up to 98% was demonstrated in 
[13]; A ZVS extension method is presented based on 
synchronous rectification in [14] in which a negative inductor 
current to discharge the switching node capacitance and can 
achieve ZVS independently from the converter input to output 
voltage ratio. In [15], a non-inverting Buck-Boost converter, as 
shown in Fig. 1, was proposed, and it is able to achieve full 
ZVS operation, as well as flexible and easy control, which is 
significantly better than the resonant converters such as Class-
E DC-DC converters. 
This paper presents a high switching frequency GaN-based 
bidirectional DC-DC converter which can achieve high 
efficiency and high power density by a proper design, in 
particular selecting the optimum dead time. It is shown that the 
conduction loss increases accordingly when the dead time is 
longer than the needed ZVS commutation time due to a larger 
forward voltage drop of GaN devices, thus setting up ideal 
switching conditions for GaN devices are more severe than 
their Si counterparts. The paper is organized as follows. After 
this introduction, the operating principles of the non-inverting 
bidirectional Buck-Boost converter are given Section II. Then, 
the ZVS constraints with respect to circuit parameters and the 
dead time effects on the converter efficiency are discussed  in 
 
Fig. 1. Topology of the non-inverting Buck-Boost converter 
 
Fig. 2.  Equivalent circuits under different operating modes. 
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Fig. 3.  Equivalent circuits under different operating modes. (a) Buck mode; (b) 
Boost mode. 
 
Section III. The design and the corresponding laboratory 
prototype of the GaN-based converter with a switching 
frequency of 10 MHz are presented in Section IV. Finally, the 
conclusion is given in Section V.  
II. OPERATION MODES OF THE BIDIRECTIONAL 
CONVERTER 
The non-inverting Buck-Boost converter consists of four 
switches, S1~S4 and one inductor L and its topology is depicted 
in Fig. 1. Basically, the converter can operate in three modes 
i.e. Buck mode, Boost mode and Buck-Boost mode, depending 
on the input and output voltage [16], as illustrated in Fig. 2. S1 
and S2, S3 and S4 always have complementary driving signals 
with a certain dead-time, tdd, respectively, no matter the 
operating modes. In the Buck mode, S1 and S2 are regulated by 
a duty cycle, and S3 and S4 do not operate at the switching 
frequency, as illustrated in Fig. 3 (a). The low side MOSFET S1 
works as a synchronous rectifier and can achieve soft 
switching, nevertheless, the high side one S2 is hard switched. 
On the other hand, as shown in Fig.3 (b), during the Boost 
mode, S3 and S4 operate at the switching frequency and 
adjusting their duty cycle can convert the voltage between V1 
and V2. S4 turns on under zero voltage. When the voltages V1   
 
Fig. 4.  Typical waveforms of zero-voltage operation. 
 
 
 
 
 
Fig. 5.  Zero voltage commutation between high side and low side switches. 
 
and V2 are very close to each other, the converter must work in 
the Buck-Boost mode in order to avoid the duty cycle too close 
to either 1 or zero, which means the Buck-Boost mode is a 
short transition period between Buck and Boost modes to 
ensure the smooth and efficient operation within the entire 
input and output voltage range. Switches S1 and S4, as well as 
S2 and S3, turn ON and OFF simultaneously. S2 and S3 are soft 
switched, but the other two switches suffer from turn-on 
switching loss. 
III. ZERO-VOLTAGE SWITCHING CONSTRAINTS AND 
DEADTIME EFFECTS 
Due to the superior switching performance of wide 
bandgap devices, adopting them in power converters is 
accordingly able to reduce switching losses. However, 
switching losses will still limit the maximum allowed 
switching frequency within MHz range even for GaN- or SiC-
based converters. Moreover, without soft switching, the fast 
transitions during commutation can cause severe EMI issues 
which result in rather large filters needed and therefore a bulky 
and lossy converter. The mechanism for achieving zero-voltage 
turn-on is, before the switch is triggered, to completely 
discharge its output capacitance, which means its anti- 
paralleled or body diode conducts and thereby can clamp the 
voltage to almost zero in most cases.  
The analysis is given based on the Buck operation. 
However, the same principles can apply to Boost mode and 
Buck-Boost mode as well. As the waveforms illustrated in Fig. 
4, at t2, the low side switch S1 is turned OFF, and in order to 
discharge Coss_2 to zero voltage, the inductor current must be 
reversed or negative, as the equivalent circuits illustrated in 
Fig. 5. Moreover, the energy stored in the inductor at the 
commutating moment must satisfy: 
Transition of S2 
Transition of S1 
 
Fig. 6.  Minimum IL_R  as a function of output capacitance and dead time. 
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Fig. 7.  Inductance needed as a function of dead time at V1=100 V. 
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where EL, Coss_i, i=1,2, and VDS_i, i=1,2 represent energy stored in 
the inductor L, output capacitance of the switches, and voltage 
across the switches, respectively. 
 
After the output capacitances Coss_1 and Coss_2 are fully 
charged and discharged respectively, the body diodes start to 
conduct and clamp the drain-to-source voltage. Therefore, the 
inductor current as expressed in (2) has to be smaller than zero 
before S2 is triggered, where tdd is the dead-time. 
 
L
tVV
L
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 21 .                (2) 
From (1) and (2), the minimum dead time needed in the 
Buck mode can be calculated in (3). 
 21
1__
min__ VV
VLC
t totalinossBuckdd 
                   (3) 
where Coss_in_total = Coss_1+ Coss_2. 
The magitude (absolute value) of the minimum reversed 
inductor current IL_R  as a function of the output capacitance 
and the dead time is plotted in Fig. 6 with V1=100 V. It is clear 
that for a certain dead-time selected, the larger output 
capacitance is, the larger IL_R is needed. On the other hand, the  
 
Fig. 8.  Reverse conduction loss comparison of Si and GaN devices. 
 
 
inductance for achieving ZVS can be calculated and plotted in 
Fig. 7 for different total output capacitance of the half bridge 
consisting of S1 and S2. 
Similarly, the minimum dead time needed in the Boost 
mode and Buck-Boost mode can be expressed by (4) and (5), 
respectively, where Coss_out_total = Coss_3+ Coss_4.   
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The upper limit of the dead time is determined by the 
conduction losses allowed when the body diode conducts. 
Compared to the Si devices, under the same rated block 
voltage, GaN power transistors have a larger forward voltage 
drop (3rd quadrant conduction drop). Therefore, Si MOSFET 
Si7252DP is used as a reference and compared to two different 
GaN transistors GaN_1 and GaN_2, and the calculated losses 
are plotted in Fig. 8. It can be seen that, due to the lower 
forward voltage of the MOSFET, its reverse conduction loss is 
lower, but the total loss including reverse recovery loss 
increases as the switching frequency increases. Thus, a precise 
dead-time control to avoid GaN device reverse conduction is 
crucial for minimizing losses. However, it is not practical to 
have such circuit at high switching frequency i.e. 10 MHz. 
IV. EXPERIMENTAL RESULTS 
To validate the given analysis and design, a 100 W GaN-
based non-inverting bidirectional DC-DC converter with a 
switching frequency of 10 MHz has been built and tested. The 
specifications used for the converter hardware are listed in 
Table I. 
TABLE I.  SPECIFICATIONS  
Parameters Values 
Voltage of V1 30-60 VDC 
Voltage of V2 30-60 VDC 
Maximum output power, Po 100 W 
Maximum switching frequency,  fs  10 MHz 
Inductance, L 120 nH 
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Fig. 9.  Total loss comparison of Si and GaN devices. 
 
 
In order to select GaN devices which can be adopted in this 
design, two candidates are compared with Si7252DP, with 
respect to losses, including conduction and switching losses 
under both soft-switching and hard-switching operation. The 
losses are calculated under the condition: input voltage of 
50V, average current of 2.5 A, RMS current of 3.53 A, current 
at turn-off of 5 A, and duty cycle of 50%, and the results are 
plotted in Fig. 9. It is noted that the GaN devices maintain low 
losses at increased frequencies, compared with the Si device. 
Taking the gate driver complexity into consideration, 
eventually, GaN_1 i.e. LMG5200 is applied to the laboratory 
prototype. 
Using Fig. 7, the inductance can be set to 120 nH, in order 
to be able to operate the converter at 10 MHz with the 
maximum dead time corresponding to 10 % of the total period 
i.e.10 ns. In order for the inductor to uphold a current density 
of 5 A/mm2 as well as have a low DC resistance, there will be a 
number of conductors in parallel. At such a high frequency, AC 
resistance is mainly due to the skin effect expressed in (6) and 
(7), where rw and δ represent winding radius and skin depth, 
respectively. 
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where 
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The skin effect at 10 MHz gives a depth of 0.021 mm. By 
using a thin wire of Ø0.04mm the additional losses caused by 
the AC resistance is reduced drastically. Finally, a solenoid air 
core inductor with 3 turns and 15mm diameter is made and 
tested. At 10 MHz, its inductance and resistance are measured 
as126 nH and 101 mΩ. 
The photograph of the constructed laboratory prototype is 
shown in Fig. 10. At the output power of 100 W, the thermal 
distribution is observed by a FLIR thermal imaging camera 
and presented in Fig. 11. It can be seen that with a small heat 
sink fixed on its top the case temperature of LMG5200 is as 
high as 96.5 oC, and thereby extra cooling must be added in 
order to ensure a reliable operation. 
 
Fig. 10.  Photograph of the constructed prototype. 
 
 
Fig. 11.  Photograph of the constructed prototype. 
 
Experimental waveforms captured from the converter are 
given in Fig. 12. There is a 40 ns propagation delay from the 
gate signal to the gate-to-source voltage. The dead time is 
minimized in Fig. 12 (a) so that no voltage overshoot or 
ringing exits over the switch, and thereby the converter 
efficiency can be improved. Nevertheless, if the dead time is 
longer than the minimum value, the GaN device start to 
conduct reversely. As shown in Fig. 12 (b), vDS is clamped at 
about -3 V, resulting in higher conduction loss. On the other 
hand, if the dead time is insufficient, the switch cannot operate 
under complete ZVS, resulting in the associated voltage 
overshoot and ringing and higher switching loss as illustrated 
clearly in Fig. 12. (c). 
The power efficiency is measured by PPA1530 Precision 
Power Analyzer in the Buck and Boost modes, and the 
measured efficiency curves are plotted in Fig. 13. In the Buck 
mode, V1=60 V, V2=30V, and fs=10 MHz, and the maximum 
efficiency is 94.4%. In the Boost mode, V1=40 V, V2=60 V, 
and due to non-minimum dead time and the consequence high 
thermal stress on GaN devices, the switching frequency has to 
be reduced to 8 MHz, and moreover, when fs=9 MHz and at 
100W the efficiency achieved is 92.9% and only 0.5% lower 
than that of 8 MHz operation at the same output power. 
 
(a) 
 
(b) 
 
(c) 
Fig. 12.  Experimental waveforms at 10 MHz. (a) Minimized dead time, (b) 
GaN reverse conduction and (c) insufficient dead time. CH1: vDS_S1, drain-to-
source voltage of S1; CH2: vGS_S1, gate signal with a 40 ns propagation delay; 
CH3: iout, output DC current; CH4: iL, inductor current (AC coupling). 
 
 
V. CONCLUSION 
In this paper, a high-frequency non-inverting Buck-Boost 
converter equipped with GaN devices is analysed and 
designed. This converter is able to work in Buck, Boost and 
Buck-Boost modes depending on input and output voltages, 
therefore  can achieve bidirectional operation. At the switching 
frequency of 10 MHz, the designed converter can achieve 
94.4% efficiency, and the power density is 6.25W/cm3. A 
precise dead time control to minimize the conduction loss is 
important for efficiency improvement. Moreover, operating a 
GaN-based converter at 10 MHz and output power of 100 W is 
still a very challenging task due to the limited thermal 
dissipation area. The embedded gate drivers suffer from high 
temperature and can be damaged even though in theory GaN 
transistors can sustain high junction temperatures compared to  
Si devices. Therefore, in order to increase efficiency as well as 
power density further, lowering the switching frequency  to 4-6  
 
Fig. 13.  Measured efficiency. 
 
 
MHz is preferable, and inductors with magnetic cores instead 
of air core inductors are then available for an even more 
compact implementation. Finally, a tradeoff between power 
density and switching frequency should be carried out in the 
future to obtain the optimal design for GaN-based power 
electronic converters.  
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